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JET PROPULSION WITH SPECIAL REFERENCE TO THRUST AUGMENTORS

By G, B. Schubauer
SUMMARY

This invastigation was carried out at the Bureau of
Standards at the request and with the financial assis)-
ance of the National Advisory Committee for AeionauEiEE.

The purpose of the work was to investlgate the possi-
bility of using thrust-augmented jets as prime movers,
The augmentation was to be effected Dy allowing the jebt to
mix with the surrounding air in the presence of bodies

which deflect the air set in motion by the Jet.

Previous work is reviewed briefly. It ig pointed out
that propulsion by jets ls fundamentally simple and there-
fore attractive, but because of its low thrust per horse-
pover, it cannot compete with the engine—drivan air-screw
propeller without augmentation.

Six augmentatiqn schemes were tested experimentally
with ‘compresgged air at yoom temperature at jet speeds up
to 1,240 feet per second, The results show that a small
amount of augmentation is possible, but that the gain in
efficiency is far too small to make the jet a compefitor
of the screw propeller. -

INTRODUGTION

In its broadest sense, jet propulsion is the name for
that type of propulsion which is characteristic of prime
movers designed to work in & fluid medium such @s air or
water, or in empty apace. In a fluid the Jjet may be com-
posed of the medium itself set in motion. by some mechani-
cal device such as a screw, In empty space the fluid must
come from within the vehicle itself, At one extreme we
find the air screw and watsr screw, and at the other the
rocket. Usage has eliminated alr and water screws from
the class of jet propellers, and has restricted that term
to propellers in which the jet issues from nozzles., In
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particular, the term "jet propulsion® refers to propulsion
by means of highwspeed jets of relatively small diameter
forced from nozzles by high pressure. Jet propellers in
this restricted sense have & low propulsive sfficiency as
compared to the screw, because of the smaller amount of
fluild from which propulsion is derived, To offset this is
the simplicity that results from creating the jet by means
of fluid under pressure, rather than by means of a moving
meéchanical mechanism external to the wvehilcle,

It is hard to Iimagine any coembination of heat engine
and propeller more simple and positive in its action than
& hollow cylinder with one end closed, thrust being exert-
ed on that end by gases ejected from fusl burning within
the cylinder, This is the simplest type of jet propeller,
namely, the rocket, Not all forms of propulsion by jebts
of gas are as simple as this. There is another type in
which only the combustible material 1s contained within
the vehicle itself, the oxygen to support combustion being
taken from the outside, Air is taken from the outside dy
8 compressor and mixed with the fuel carried within the
vehicle; and after the burning of the fuel in a combus-
tlion chamber, the products of combustion are ejected rear-
ward through a nozzle. In the former type (rocket propul-
sion) the propulsion is derived from the acceleration of
gases from rest with respect to the vehicle to some final,
usually high, speed, In the latter, since the intake usu-
ally faces the wind moving past the vehicle, propulsion
results partly from the acceleration of air from the ini-
tial speed at which it was taken in to a higher gpeed, and
partly from an acceleratien of combustible material from
rest wlith respect to the vehicle to the same final speed,
While this latter type may be far from simple, it is not
the jet prilnciple that makes it complicated, but rather
the arrangements required to supply the oxygen for com-
bustion,

Probably because of its simplicity the jet propeller
has always been regarded as an attractive type of prime
mover., Ixperimenters, many of them in Germany, have trisd
with varying degrees of success to use jets of gas for the
preopulsion of land vehieles, light airplanes, and gliders.
(References 1, 2, 3, 4, 5, 6, 7,) Nearly all experimenta-
tion is directed toward one goal, that of propelling vehi-
cles flying through air or space, This type of work is of
value in contridbuting toward the development of rocket fu-
els and toward the proper design of vehicles for jet pro-
pulsion, but very little if eny knowledge is gained thare-
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by concerning the jet principle and, in particular, the
efficlency of jet propulsion., At best it merely confirms
knowledge already obtained from the laws of thermodynam~
ics and gerodynamics, '

The laws of heat engines and jet flow have besn ap-
plied by a number of workers in this field to determine
the complete performance of the jet. (Referencses 8, 9, 10,
11, 12, 13.) Deductions from established laws agree in
general with observed facts to within a few per cent;
whence 1t is well known to most experimenters that ordi-
narily the fuel consumption of the Jet propeller is very
high for the propulsive force obtained, as compared with
the performance of an ordinary screw propellsr driven by
an internal-combustion engine., However, those experiment-
ing with rockets justify their work by aiming to apply the
Jet to the propulsion of alrplanes moving at very high
speeds and to the attainment of these speeds at high alti-
tudes, where, because of both the speed of the airplane
and the rarity of the air, the sfficiency of a screw pro-
peller is much reduced. On the other hand, the propulsive
efficisency of & jet increases with the speed of advance of
the vehicle; and if the Jjet is formed on the rockset prin-
ciple, requiring no taking in of air from without, it is
independent of the altitudes. It is therefore possible to
find, for any given altitude, a speed of flight at which
rocket propulsion has the same efficiency as screw propul-
sion, and above which the rocket method is the more effi-
cient., In the limiting case of flight through free spacs,
where there is no surrounding medium for a screw to act on,
rocket propuleion is the only kind available.

It 1s generally believed that high ‘speeds at high al-
fitude will betome imporftant in future transportation,
If this is true, then jet motors or rockets will find an
lmportant application, and experimentation of the kind we
have mentioned is not to be regarded as useless.

The other application of jet propulsion, namely, the
propulsion of airplanes as they exist to-~day, has been
shown by Buckingham (reference 8) and Roy (reference 9) to
be entirely unsatisfactory because of the vast superiority
of the screw propeller with regard to fuel consumption and
thrust, As computed by Roy, the speed at which an air-
plane must fly in order to be propelled as efficiently by
a jet on the nooket principle as it would be at ordinary
speeds by a screw propeller is about 800 miles per hour,

-



N.A.C.A, Technical Note No. 442 5

the Langley Memorial Aeronautical Laboratory. (Reference
23,) Md&lot'!s original augmentor is shown in Figure 1.

The sketch here shown was copled from the report of the
work of Jacobs and Shoemaker and is like the one shown in
Melot's sketches., Mélot reported satisfactory results
from this augmentor when used on an intermittent jet pro-
duced by the exhaust from a combustion chamber in which
the explosive mixture had been conpressed by a freely mov-
ing piston. For more details the reader is referred to
reference 14, More definite results are reported by Jacebs
and Shoemeker from tests made with-a  -steady jet of _air at
room temperature. Their tests showed a maximum thrust of
nearly l.4 times the theoretical free~jet reaction, at 90
pounds per square inch ga ge pressure. They also tested
separate parts of the augmentor and found that the Venturi
tube made the greatest contribution to the increased thrust,
The conclusion which they drew after testing modifications
in size and arrangement was that the increase in thrust
was in every case too small to make the Jet feasible as a
prime mover in competition with the engine—~driven screw
propeller, -

The wrlter knows of no other type of augmentor ei-
ther suggested or tried. The simplicity of the jet sug-
gests that only a limited number of augmenting processes
can exist; and further limitations are imposed if the
simplicity of Jjet propulsion is to be preserved., Howsever,
it seems unlikely that the schemes already investigated
have completsly exhausted the possibilities.

THE PROBLEM

The problem of increasing the thrust/pqwsr ratio of
a jet centers upon the jet itself, for the thermal effi-
ciency of & nozzle in giving kinetic energy to the Jjet is
from 10 %o 15 per_ cent higher than that of the internal-
combustion engine in producing mechanical energy under the
sane thermodynamic conditions. As indicated earlier, the
kinetic energy of the jet can bs converted to propulsive
work by allowing the jet reaction to move the nozzle, the
amount converted being proportional to the speed of the
motion, At ordinary airplane speeds, say 100 miles per
hour, about 8 per cent of the kinetic energy of a jet
with a speed of 2,500 miles per hour (roughly the speed
of a jet corresponding to the temperature and pressure
found in the ordinary internal-combustion engine after
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combustion) can be made useful in this manner, The remain-
ing 92 per cent stays in the jet after it lemves the noz-
zle and is available for further gain in useful work if
means are provided for its conversion, In the application
to airplanes, with which this paper is mainly concerned,
the forward speed will be regarded as the same as the
speed of the airplane since we shall not consider the case
where nozzles are mounted on propeller tips., With this
speed fixed, the only other variable at our disposal to
increase the useful work is the propulsive force, This
depen&s entirely upon the momentum of the jet and of the
fiuid set in motion by it. A greater force can result
only if this momentum. is increased; and consequently, if
the jet is to produce greater propulsive force by lts ac-
tion on surrounding objects, this momentum nmust be in-
creased theredby, The kinetiec energy in the Jet, repre-
senting 92 per cent of the total energy in the above ox~
ample, is normally dissipated without change of momentum,
the average speed decreasing, and the mass of air in mo~
tion increasing, in such a way that the product remains
constant, The problem of thrust augmentation is to trans-
fer the ensrgy to a still larger mass of air in an effi~
cilent manner, so that the momentum 1is increased, This

can be done, if at all, only by material surrounding obdb-
Jjects exerting a force on the air, the reaction to which
constitutes the thrust augmentation,

I+ is a very convenient fact that changes made in the
Jot after it leaves the nozzle do not affect the resctive
force arising on the interior of tihae nozzle unless the
change is in the nature of an obstruction which blocks the
air pessage very near the nozzle, Therefore additional
force may be obtained from the action on neighboring ob-
Jocts of the fluld sst in motion by the jet without im-
peiring the original reaction,

ORIGIN OF THE PRESENT WORK

In view of the advantages of the jet as a prime movw
or and of the fact that the number of types pf augmentors
already investigated is small, an experlmental study of
thrust augmeantors for jets was started at the Bureau of
Standards in October, 1930, with the financial assistance
and cooperation of the National Advisory Committes for
Aeronautics, The purpose of the study was to investlgate
a large varlety of schemes, The program wag an ambltious
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one, lncluding all the schemes suggested by members of the
staff in the light of present-day knowledge of jets., No
attempt was made to refine the devices, since this would
have required more time than was available for the problem,

GENERAL DESCRIPTION OF EXPERIMENTAL WORK
AT THE BUREAU oF STANDARDS

Nozzles and augmenting devices upon which tests were
conducted were mounted in the 3~foot wind tunnel of ths
Buresau of Standards. The Jjet was supplied by air from a
compressor outside the ftunnel. Everything outsids the
wind tunnel may be regarded as the interior of a vehicle,
and the nozzle in the tunnel as attached to the wvehicle.
If we wish to regard the venicle as moving, we may think
of its motion relative to the air in the tunnel. Since
the intake of the compressor was not in the tunnel, the
material constituting the jet was supplisd from within
the vehicle itself. We have then a case analogous to the
rocket type of propeller in which tho propulsive force is
the result of an acceleration of mags from rest within
the vehicle,

In the present work we are intorssted primarily in
the thrust produced by the jet per unit of power. Effi-
cisency of propulsion, usually defined as the ratio of
power absorbed in the motion of the wvehicle being pro-
pellsd to the powsr supplied to the propelliing system,
has a meaning only when referred to the rate of motion of
the vehicle., When in our sxperiment we have measured the
thrust pser unit of power, woe have merely to multiply this
quantity by the speed of the wind relative to the room
(referring to the foregoing analogy) %o obtain the effie
clency of the jeb. -

It was necessary to gimplify the experimental work
by using compressed air at room temperature to supply the
Jets, This procedure is doubtless allowable in compara-
tive tests and should yield absolubte values of sufficient
exactness to indicate the usefulness of practically applied
heated jets, (Reference 19.) The nozzles wére small
(about one-fourth inch in diameter) because of the limit-
ed supply of compressed aly, and the augmentors were cor-
respondingly small, ¥ith our very meager knowledge of
scale effect (reference 20) we cannot say whether jets ée7
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enough to propel airplanes would yield similar results.

The tests involved, in general, three déterminations:
(1) the reaction of the free jet was either measured or
computed from the applied pressure;  (2) the total thrust
with the .augmentor was measured; ‘and at the samo time (3)
the mass. flow of the jet and the préssure causing it were
2lso measured, .These give enough data for comparing the
propulsive force of the augmented jet with that of the
free jet at the same power.

THE APPARATUS

All forces were measured on the inverted type ¥.P.L,
balance of the 3-~foot wind tunnel of the Bureau of Stand-
ards., The ordinary balance spindle was replaced by a tube
which served the double role of compresgsed air lead and
model support. Detalls of the arrangement are shown in
Figure 3. Compressed air was conducted to the balance by
& l-inch, thin-walled, flexidle rubber tube wrapped with
enough ordinary friction tape,-to withstand the pressure
(maximum 25 pounds per sguare inch, gage). The position
of the tube is shown 1n the photograph. (Fig. 2.) It was
80 chosen by experiment that a pressure applied to the
tube caused no deflection of the drag arm of the balance.
In weasuring forces along the axis of the tunnsl, it was
possible by uwsing a null method, to eliminate entirely
the effect of the flexible lead. In measuring forces at
right angles to the tumnnel axis, the effect of pressure
in this flexible lead could not be eliminated with the
tube in this position; but the effect was small as com-
pared to the 1lift forces obtained on the models in which
the 1ift was of interest, and was neglected, A small
flexible tube, the position of which d4id not affect the
balance reading, connected a small copper tube extending
to the model in the tunnel to another running to & mercu-
ry mahcométer for measuring nozzle pressures. A fluild me-
ter of the orifice type inserted in thwtcompressed-air
line at a convenient place was used to measure the guan~
tity of air flowing from the nozzles. All forces were
measured by means of a pendulum-type balance.
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THE FREE JET L -

Computation of jet performance.-~ The reader may find

various phases of the thermodynamics of jets treated in
references 8 to 13, inclusive. Here it is sufficient
mnerely to state and interpret those relations useful in
the present work, since their derivation may be found in
most text books on enginesring thermodynamics.

Notation.~ The notation to be used is collected below
for reference., - S _

’ "Pl 3

Pz’

Tls-

absolute pressure of the gas before ezpansion,
in pounds per square foot.

absolute pressure of the gas after expansion, in
pounds per square foot.

absolute temperature of the gas before expansion,
in degrees O.

gas constant (96,03 £t-1b, per 1b, per degree C.).
acceleration of gravity (32.17 £f%., per sec.2).
specific heat ratio (1.4 for air).

cross-sectional area of the mouth of tie nozzle,
in 3quare feet,

dlameter of fluid meter orifice, in inches.

density of the gas mpstream from the orifice of
the fluid meter in pounds. per cubic foot.
pressure drop across the or rica of the fluid
meter in pounds per sgquare nch -

hydraulic discharge coefficient,

theoretical Jjet speed produced by adiabatic ex— .
pansion from the pressurs P, %o Py, 1in feet
per, second. ) =

- theoretical mass flow of the Jet produced by ad~

iabatic expansion from the pressure P, to Py,
in slugs per second.
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M, masg flow of the actual jet as measured by the -
fluid meter, in slugs per second.

F, theoretical reaction of jJjet of mass flow M and -
speed §, . -
P, power required to produce the jet, iIn foot-pound

per second,
Pn, power required to ﬁroduce the jet, 1n horsepowsr.
Rtp, thrust-power ratio, in pounds pser horsepower.

Formulas.~ The thermodynamic formulas to bs presented >
here are true for the following conditions:

1, The nozzle is designed to allow complete expansion. -

2. The kinetic energy of the gas spproaching the noz-
zle 1s zero.

3. The expansion takes place adiabatically and with- .
out friction.

The tasoretical speed of the jet is given dy (1).
/ R ,

- —E - (Ba)
S /ng_lRTl['l 52 (1)

The speed S, 48 computed by formula (1) is the uniform
speed of an ideal jet. Owing to friction, the actual
speed is not uniform; it is reduced near the boundary of
the jete Bubt the average of the actual speed, taken over
the entire cross section of the jet, is usually only a
few per cent less than 8§, The actual speed was not meas- L
ured; hence all later references to jet speed will mean
theoretical speed as compubted by formulae (1). s

1 . L

Waen 5%~ = 0,528, S is equal to the speed of sound

at the temperature of the Jjet, IT §3-< 0,528 the nozzlse

1
must have a diverging exit cone i1if the expansion of the N
gas 1g to be complete and the speed of the jet is to De “

greater than the speed &f dsound. In order to allow for _ ;
flexibility in the choice of pressures, the nozzles used - .

in the present work were of the converging type with a .
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cylindrical exit which did not allow complete expansion

Yy
of the gas for 53 < 0.528., Hence when such pressure ra-

1

tios were used, the nozzles become inefflicient and formu-
la (1) was not exactly applicable. The actual jet speed
for this type of nozzle cannot exceed the speed of sound.

The theoretical mass flow through the nozzle 1s glven
by (2).

2 T+ 1
2 K 2 X X
My = A Py (1_33_) - P.%.) (2)
S 8(E -1) R Ty |\p P,

Formula (2) like formula (1) is inexact wheansver

p .

53-< 0.528. Becauss of friction, M; has a greater value
N )

thanr i1s actually observed for a jet of gas,

The actual rate of mass flow M was measured by a
fiuid meter. TFor the fluid meter used in the present
work, M is given by (3).

M = 0.01632 ¢ 4%,/ P A
The value of the discharge coefficient C, depends upon
the location of the pressure taps, upon the value of 4,
and to some degres upon the value of A. 7For more details
on fluld meters and their coefficients the reader is re-
ferred %o reference 21. The values of € wused 1in the
computations wore taken from that paper.

The theoretical reaction, in pounds, of a jet of umi-
form speed S ft./sec., whose rate of mass flow is M
slugs/sec,, is :

F = MU S | 4

aand the pOWer_in fﬁ—ib./sec. requiréd to produce tais
jot is

P = %M 6&° (5)
or, in horsepower,

2
o bl ®



i2 NeA.C.A. Technical Note NWo, 442

The theoretical fthrust-power ratio in pounds per horse—
power is given by the expression T . o

_F MS _ 1100
Btp = Bp T Tys® . S ()
1100

As previously mentloned, a jet with a mass flow Ny

never exists. Since we are always dsaling with a real

Jet, we are interested in obtaining the greatest possible
reaction corresponding to the actual mass flow and a given
initial pressures for the energy required to produce the Jjet
is determined by these Iwo quantities, Hence formulas (4),
(), (6), (?), all embodying M, represent the maximum
performance that can be obtained for a glven energy. The
reattion F, 1is the ideal reaction of the existent Jjet, .
and is the reaction of a jet which requirses for lts main-
tenance the power P, Measured reactions must always be
less than F Dbecause the average itrue speed is always

less than 83 the amount by which the measursd reaction .
ig less than F is equal to the axial component of fric-
tional force integrated over the nozzle., While the powser t

P is required to produce the jet, the power in the jet .
a8 it leaves the nozzle 1s not P, but somsething less,
because of the frictional losses in the nozzle. .

Formula (2) is useful in estimating the magnitude of
these friectional losses in the nozzle, especlally in those
cases where augmenting devices are used, By combining
formula (2) with formula (4) to give the ratio M/M; for
e given initial pressure P,, an indication is obtained
of the nozzle losses, since M/Mjy increases as the fric-
tion loss diminishes and approaches unity as the loss ap-
proaches zero, This ratio will be termed the efficiency
o6f the nozzle, ST T v = ' CoC

Ixperimental results.~ Throughout the paper the free 2
jot will be made the basis of comparison for all augmented
jets, Figure 3 is a diagram, drawan to scale, of the 1l-
inch L-tubde running from the N.P.L. balance abeve the wind
tunnel to the center of the tunnel., A nozzle, shown in
the same figure, was soldered in the end of the L~tube,

This nbdzzle will be called the ordinary nozzle. A pres— ‘ -
sure tap was placed 3 inches back of the orifice and was x
connected to a mercury manometer as described earlier.

A1)l types of jets and asugmentors were attached to tubes -

similar to the L-tube shown In Figure 3,
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The reaction of ths Jjet at various pressures was
measured on the balance while simultaneously the pressure
applied 3 inches behind the orifice and the rate of flew
of air throuszh the orifice were moasured by the mercury
manometer and fluid meter, PFrom the observed pressure
and temperature of the air before reaching the nozzle the
theoretical speed, mass flow, reaction, and horsepower of
the jet were calculated by means of formulas (1), (3),
(4), and (8), respoctively.

A number of tests of the ordinary nozzle were made,
all of which showed good agreoment. UHaXimum forces were
about 1 pound at a differential nozzle pressure of about
23 pounds per square inch. An average of the results of
two runs is shown in Pigures 4, 5, and 6, Filgure 4 shows
the variation with jet speed of observed reactive force in
pounds, In Figure 5, curve (a) shows the variation with
Jet speed of the observed reaction, and curve (b) that of
the ideal reaction, each in pounds por horscpowsr, Curves
(a) and (b) are in good agrcement, The ratio of observod
force to the ideal force as given by formula (4) is a meas-
ure of the reaction lost through nozzle .friction. TFigure
6 shows the variation of -this ratio with jet speed. The
ideal reaction is represented by the straight lins par-
allel to the speed axis and of ordinate unity. While the
6bserved curve for a free jet can never hays ordinates
greater than unity, the curve for an augménted jet may
l1ie either above or below the straight horizontal. line,
depending upon whether the augmentor 1is beneficial or the
reverse. The position of the augmented curve with rela-
tion to the straight horizontal line is the best indica-
tion of the value of the augmentor.

A wind in the tunnel would not be expected to have
an effect upon the reaction of the jet since, as was
pointed out earlier, the reaction of a free jet is very
nearly independent of the surrounding medium and its state
of motion., Figure 7 in which reaction curves for various
wind speeds are given shows this indepepdence by the fact
that the curves are all parallel. The displacement of
the different curves from that for zero wind ig the drag
of the L—-tube by the wind.

In a disgram such as Figure 6, 1%t is possible to draw
s curve below which that for an augmented jet may not fall
if it is tp- equal the performance of the screw propeller.
The ord%nates;of that curve will be the ratio of the re-
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action (4.5 pounds per horsepower) for an ordinary screw
propeller, working statically, to that (formula 7) for
the ideal free jet; hence, the equation of the curve is

- Y = :0,0041 § T = = . (8)

This line is shown in Figure 8, the scsale of Figure 6 be-
ing unsuitadle for its satisfactory representation, The
l1ine at unit ordinate of Figure 6 l1s redrawn in Figure 8.
It is apparent that below a jet speed of 245 feet per sec-
ond the Jet requires no augmentation, However, at such
low speeds the thermodynamic efficiency of the jet work-
ing as a heat engine is below the practical 1limit, At
higher speeds the augmentation required to secure equali-
ty 18 the numerical value of the ordinate of this line.
For example, if the jet is produced by gases at 7 atmos~
pheres and 1, 200° C.y, a8 may be the case if the gases are
produced by combustion, then the ideal jet speed (formula
1) will be about 3,700 feet per second, which corresponds
to Y = 15,2, approximately. That is, when such a Jjet

is working at its best, the augmentor must multiply the
thrust by a factor exceeding 15. This is a severe require-

ment. . . T =TT : E= . "™ 77 7 7 o+  femT--r kd

The discussion in the last paragrapl assumes that the
thrust at a given jet speed 1s to be made equal to that of
the ordinary screw propeller, It 1s possible that Jet
propulsion might be considered advantageous with a smaller
augmentation. - S

PRINCIPLES OF AUGMENTATION

To determine what may be done by way of augmentation
and how augmentation may b% ?pqgm tished, 1t will be help-
ful to examine the free Jet in zafi, r this purpose
the jet will be regarded ap B piresm of fiuid passing from
a condition of high pressure through an apprbpriate nozzle
of circular section into an outer medium of lower pressure.

—~ The classical treatment of an 1nviscid and lncompressi-

ble jet is of importance in our problem because of the

light which it throws on actual coaditions, Classical hy-
drodynamics describes two distinct and totally different
forms of the Jet. The first of these is the type in which
the flow is continuous, with the stream lines spreading
from the éund of the nozzle in all directions like the flow
induced in a quiescent medium when & long cylindrical body
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moves endwise through it, the flow being seen by a sta-
tionary observer, The end of the body corresponds to the
orifice of the nozzle and the body proper to the cylinder
of fluid moving through the orifice, In this case the
speed and pressure both fall with increasing distance from
the orifice. The second type of flow treated by classical
hydredynamics requires discontinuity between the jet and
the surrounding medium, the jet having the form of a ecyl-
indrical column of fluid moving through the surrounding
medium without disturbance. The boundary of the jet is a
surface of slip where the velocity gradient is infinite,
The speed of the jet is constant and equal to its speed

at the orifice and the pressure in it is constant and
equal to the pressure of the surroundings,

Conditions are, however, quite different in a real
corpressible fluid with viscosity, such as alr, Neverthe-
less, points of similarity between the ideal jot and the
jet of real fluid do sppear. Dorsey (reference 17) has
remarked that a jet of liquid at a low velocity corre-
sponds to the first type of i1deal Jjet; at higher veloci-
ties a stem in which the flow corresponds to the second
or nonspreading type develops under a mushroom-like head,
Motion pictures of air flowing through nozzles (refersnce
18) show that the spreading type of flow exists for a very
short period of time and that the cap~like formation of
spreading flow never extends oubtward a distance greater
than the diameter of the orifice. As soon as the cap ap-~
pears 1t begins to curl inward at the periphery and to
forn into a ring vortex which is carried along rear the
head of the jet. At the speeds with which we shall be
concerned, a continuous jet whether liquid or Zas consists
of a stem topped by a ring vortex; the stem is similar to
the second type of ideal jet, that is, to a nearly eylin-
drical column of nmoving gas with a steep veloclty gradi-
ent at the boundary. Motion is induced in the surround-
ing medium by the frlction between the jet and the mediun,
The transverse velocity gradient is found to decrease as
the axial distance from the orifice increases, the region
of influence spreading and the jet being retarded more and
more by %he continued action of friction, (Reference 19,)

At high speeds, such as are euncountered in jet pro-
pulsion, a probable picture of the jet hevndary is that
of & turbulent sheath separating the jet from the sur-
rounding medium, The sheati, according to the view of
Lord Kelvin (referencq 20), consists of a series of ring
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vortices following one another iIn rapid succession and
acting like rollers between the jet and the medium next

to 1t., We know that turdulence exists, but it is probadly
not as orderly as this picture might lead one to belisvse.
Owing to the turbulence, there is a certain amount of mix~
ing betwesn the Jet and 1ts surroundings, which mixing as-
sists in the scceleration of the medium adjacent to the
jet. Because of this mixing there 1s no definite surfecs
of separation between the jet and the surroundings, the
sheath being made up of fluid from the nozzle and from

the outside, As the Jet recodes from the nozzle the tur-
bulent sheath thickens., The fluld which issues from the
nozzle is sometimes referred to at the "core stream," and
the induced flow in the surrounding medium as the "jacket
stream," This terminclogy will be adopted here, together
with the term "turbulent sheath," to denote the turbulent
intermediate region comprising portions of both core and

. Jacket, The reaction on the nozzle arising from the sac-
‘celeration of the core will be termed %"core reaction.!

A free jet will be defined as one whose only reaction is
core reaction, and an augmented jet as one usged in con-
junction with devices to change 1ts momentum,

All of the energy imparted %o the air must come
from the energy of the Jet. True augmentation can be se-
cured only by making use of energy lmparted to the air
that would otherwise be lost. The use of devices nsar
the nozzle which impede the flow and increase the pressurs
within thse combustion chamber does not give ftrus augmen-
tation since additional power is required to produce the
Jetse It is helpful to examine the motions of the core
and jacket streams of a steady air Jet, the energy of
which nay be utilized for asugmentation,

The most apparent meotion ig an axigl one which is ini-
tially imparted to the core by the Pressure in the nozzle
and which 1s later given to the Jjacket by frictlion and
turbilent mixing. 4 closer examination of the plcture
previouely given will show that other motions can and do
exist., Oune of these is the rotaty motion of the eddies
which make up the turbulent sheath, and wihlch embodies
additional energy. Another motion present is that normal
to the jet axie consisting of the inflow of ailr fo replace
that carried downstream by the jet, Finally there is the
molecular motion resulting from the decay of all other nmo-
tions. The energy of this molecular motion cannot be re-
coverad in the form of mechanical ensrgy.
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The energy of these motione can be utilized to securs
augmentation only by the use of devices which direct the:
induced motions in & directiom that is parallel to the
axls of the jet and a large augmentation can be secured
only by at the same time distributing the energy through
as large a mass of fluid as possible. The redirection of
these motions ecan be done by suitable systems of guide
vanes, and the augmentation of the thrust will appsar as
pressure changes on the vanes, The friction of the vanes
with the air will, of course, limit their effectiveness
and introduce a factor of uncertainty difficult to esti-
make,

While no physical device can be made fine enough in
structure to direct the random distribution of nomentum
among the molecules, it might be thought that a system of
gulde vanes could be devised which would break up vortices
end convert their angular momentum into linear momentum,
But when we realize that the distribution of eddies is en-
tirely random and that the turbulence may be so fine as
to require gulde vanes as small as those appropriate to
the directing of molecular motions, it becomes evident
that both the directing of molecular and of turbulent mo-
tions must be regarded as impossible. 4As these motions
represent energy that is lost in so far as it is not avail-
able for propulsion, any arrangement which will reduce
eddy formatiom and friction loss in mixing will increase
the strength of other motlons.

Another apparent possibility of augmentation lies in
the directing axially of the normal or influx motions of
the fluid in the jacket, Here we are desaling with bulk
flow rather than with microscopiec portions of fluid and
the required size of the vanes is not prohibitively small.
It is requlred merely that the vanes be so placed in the
normal flow and have such shape, size, and orientation as
will effectively change the direction of the flow from
normal to axial, and distribute the energy through a suit-
able mass of fluid, M&lot's augmentor (fig, 1) is of this
type. It rests upon a sound basis in the light of our
analysis and seems to hold inviting possibilities.

The Venturi tube, too, falls into this class of aug-
mentors, in so far as their entrance cones are annular
vanes, The gquestion arises as to what function, if any,
the exit cone of the Venturl performs, Previous work not
only in propulsion dbut in the general use of Venturi tubes
to increase the flow about jets (reference 22) would indi-
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cate that the addition of an exit cone to the snnular vane
mekes 1t possidle for the jet to induce a greater flow,
Nothing in our analysis so far has predicted this, We
must, 1ln fact, look beyond the jet, to the characteristics
of Venturli flow to find a reason for the observed effects,

Figure 9 shows a Venturil tube in which, for simplic-
ity, the end sectional area of the entrance cone is made
squal to that of the exit cone. These aress are denobed
by A, and A,;, respectively. The throat area is de-
noted by 4, A < A, or Ay, When a jet passes along tane
axis of the Venturi, as shown in Figure 9, air surrounding
the jet but within the tube will be given a motion paral~
lel to the axis by frictional forces, The axial spesd
of the alr in the tube will tend to have its maximum val-
ue in the throat, decreasing to some lower value at the
ends, because of the characteristice of Venturi flow, Ths
Jjet, however, by its accelerating action in the exit cone
tends to change the characteristics of the flow in such a
manner that the speed at A, is higher than it would have
been had the jet action been absent, As & result, the
speed and the rate of flow of air through A, tends to be
increased. Consequently, more air must flow into the Ven-
turi from the surroundlngs at the entrance end. This in-~
flow must in turn be deflected axially by the entrance
cone, and the propulsive force arising from a favorable
pressure distribution here will be increased thereby in
proportion to the flow increase resulting from the action
of the Jet in the exit cone. The Venturi tube in this
case acts to increase the inflow, transferring the ensr-
gy of the jet to a larger mass of air,

- @Guide Ringes and Venturi Tubes

Returning to the ordinary type of nozzle, let us in-
quire into its use with guide rings and Venturil tubes,
The variations in size and shape of rings and Venturis
used may be seen in Figures 10 to 17, Host of these yileld-
ed no lmprovement whatever over the free Jjet; and some, by
the dlsturbance which they created, actually lowered the
resultant force, Since from the examination of the jet a
wind does not appear to be essential to augmentation, we ..
should not expect a wind to make the results more favor-
able, In fact, if a device of this sort were found to
yield a satisfactorily high augmentatlion, thers would stlll
remain the gquestlion of its utility in the propulsion of =
vehicle because of the relative wind set up by the motion
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of the vehlcle. The drag of the augmenting device by the
relative wind might partlally or totally neutralize its
propulslve force. An increase in static thrust is neces-
sary, but not sufficlent fo insure the success of the aug-
mentor. I% is useless then to test a particular ring or
Venturi In a2 wind unless it merits the test by its high
static thrust. None were found %o merit the test. How-
ever, to ssttle experimentally the question of the de-
pendence of augmentation upon the wind and to determine

in a general way the drag of the Venturi type of augmentor,
wind test of the Venturi showan in Figure 16 was made,

The augmentor was usually held by a support with a
spring clip which slipped over ths horizontal part of the
L-tube of Flgure 3, Removals and adjustments were easily
made by sllding the clip over the tube. The experimental
procedure was to measurs the reaction of the free jet at
a given nozzle prsssure, then at the same pressure to make
measurements with the augmentor in place at various dis-
tances from the nozzle. The thrust was a function of this
distance, the maximum being found from curves liks the one
shown in Figure 18 for the Venturl of Figure 154, The
ratio of the maximum total force to the free reactionm is
thus obtained directly from those observationa, The ratio
of the maXimum total thrust to the ideal reaction was then
calerlated by multiplying the preceding ratio by the ap-
propriate small numerlecal factor obtained from Flgure 6.

The second and third columns of Table I glve the fres
jet reaction and the maximum total thrust, respsctively,
for the augmentor indicated in column 1, The fourth col-
unn glves the ratio of maximum total thrust to free jet
reaction, and this ratio multipllied by the ordinate of
Figure 6 corresponding to the jet spesed indicated furn-
ishes the corresponding number in column 5, which is the
ratioc of the maximum total thrust to the idgal raao%ion,
The values in column 5 fi% into such diazramg as Pdgures
6 and 8, T

The slqtted diverging cone, or series of Venturis,,
shown in Figure 12, ylelded & total thrust far below the
reaction of the free jet. The jet was found to £ill the
cones only partially and to cling to their slides. It is
probable that the alignment of the separate Venturis with
the nozzle must be very exact, if they are to act effi-
ciently. Since proper adjustment was never obtained, the
results are not given in Table I.
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TABLE I, THRUST AUGMENTATIOR OF ORDINARY NOZZLE
WITH GUIDE RINGS AND VENTURI TUBES
Free Jjet|Maxlmum Total thrust| Total thrust
reaction| total
Figures 1b, thrust Froe jet Ideal re-~ iIdea.l Jet
with reaction action I speed
augmentor ' ; £5./sec,
1b. I
10 0,0906 | 0.0906 1,00 0,987 { 435
+ 2886 «285 «9986 +996 ' 736
« 465 465 1.00 «990 | 808
. 662 «653 «987%7 . 971 1,030
. 795 794 1,00 . 981 1,120
« 952 . 947 984 + 865 1,180
1,072 1,078 1,005 . 295 1,240
11 6906 | .906 1,00 ,987 435
«286 +284 « 993 «993 736
l 465 o463 2397 « 387 908
! « 662 «629 .« 980 2934 1,030
, 795 « 785 «988 969 1,120
I « 952 « 936 .995 «980 1,190
i l.072 1,056 : «288 « 377 1,240
v I .
Largest ! g _
ring of | : : :
figure 1.06 1,07 1,01 1.00 },240
10
Largest - ! _
ring of “' -
Figure 1706 1,09 1,03._ 1,02 %,240
11 ' v
Interme—~ -
diate
ring of 1,06 1,07 1‘01 1.00 1,240
Figure _
11
Smallest| - .
ring of
Pigure 1,08 1,07 l.Ql_ 1.00 1,240
11
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Figure 19 shows that in the case of the Venturi of
Figure 16 the effect of 2 wind upon augmentation is null,
the successive curves belng merely displaced from that of
zero wind by the drag of the Venturi, its mounting, and the
L-tube by the wind.

The drag curve of PFigure 20 showing the contribution to
the drag made by the Venturi of Figure 16 in the presence of
the L-tube was obtalned by subtracting the ordinates of a
drag curve for the IL-tube alone from those o6f a gimilar
curve for the L-tube with the Venturi attached. From this
curve and Table I we see that the smell beneficial effect
of this particular Venturi at a jet speed of 1,240 feet per
second would be completely destroyed in a wind of oaly 40
feet per second. If we take this as an indication of the
drag of rings and Venturis 1in general, we may conclude that
wiille this type of augmentor is far from satisfactory stat-
ically it 1iIs even less so when we consider its ability to
propel with speed.

The Melot type of augmentor tested by Jacobs and Shoe-
maker gave much better augmentation than any of the types
tested here, but at higher jet speeds. Jacobs and Shoemaker
fiad an augmentation as compared with the theoretical thrust
of a free jet of nearly 40 per cent at a speed of about
1,700 feet per second. ZEven at the greater speed, the aug-
mentation 1s insignificant as compared with the sevenfold
value (fig. 8) demanded for equality with screws. In the
present work speeds were limited by the eguipment to about
1,240 feet per second, at which speed an augmentation of 10
per cent was obtained with the arrangement shown in Figure
15b. This value is considered to agree satisfactorily with
correspondingly low valumes obtained by Jacobs and Shoemaker
at the lower spesds.

Annular dozzles

The annular nozzle with a flat-ended core shown in Fig-
nre 2la gave very poor results when used free and was not
considered worth combining with auvgmentors. Adding a tail
to the core (fig. 21b) considerably increased the force,
but the nozzle was still inefficient as compared with the
ordinary type of nozzle. With the tail pilece the jet has
the form of a cone covering the tail, and has greater area
than the same Jjet from an ordinary nozzle. Tests were made
with augmentors to determine how this greater area would ef-
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fect the acceleration of air in the presence of the augment-
A set of results similar to those of Table I is given
for this nozzle in Table II.

or.

TABLE TII.

NOZZLE WITH GUIDE RINGS AND VENTURI TUBES

THRUST AUGMENTATION OF ANNULAR

Free jet |[Maximum Total thrusgt|{Total thrust
reaction| total Free jet Ideal re- | Ideal jet
Figures 1t. thrust reaction action speed
with ft./sec.
augmentor
1b.
8l and
15¢ 0.510 0.485 0.951 0.945 1,250
21 and
large
ring of
Figure .499 485 . 972 .966 1,250
10
21b and
largs
ring of
Figure . 508 . 510 1,004 .999 1,250
11
21b and
17 « 500 . 500 1.00 . 994 1,250

They will be referred to as annular nozzleg Nos.,

and 4, respectively.

The annular nozzles represented in Figures 28 to 25
and conslsting of hollow cone-shaped devices of which the
sections are shaped like airfoil profiles represent a modi-
fication of the guide ring and Venturi type of augmentor.

i, 2, 3
The nozzle itself is an annular slot

in the trailing edge, with parallel walls formed by the in-

rner and outer walls of the gnaular chamber.

It will be ob-

served in the figures that these slots diverge with a total

angle ranging from a few degrees up to 40°.

A diverging

annular jet is thus obtained which surrounds a central corse
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of exterior air Arawn in through the entrance cone of the
chamber by Jet friction and the Venturl effect gained by
the divergence of the jet. The nozzle and the jet may be
imagined to be a Venturi tube with the jet as the exit cone.
This scheme of augmentation.is based entirely upon a pres-
sure decrease In the entrance cone arising from the acceler-~
ating power of the jet.

Nozzles Nos. 1, 2 and 3 differ mainly in their angular
divergence, the total angles being 7°, 18° and 40°, respec-
tively. No. 4 1e helf the size of the first three, with a
nozzle divergence of 18°. The nozzles have the angles in-
dicated, but the jets assume smaller angles, pr0portiona1
however, to the pozzle angles. .

A geries of force measurements was made on the four
nozzles without wind. The maximum observed force was about
one pound., In Figure 26 the ratio of observed thrust to _
ideal reaction is plotted against jet speed for each of the
four nozzles, the curves being numbered correspondingly.
The dotted curve is that for the free jet, repeated here
for comparison. It is apparent that nozzle No. 3 1s the _ _
only one that shows an improvement over the free jet, and
this improvemdnt is so smzll as to be scarcely worth noting.

We should not expect the augmenting power of an annu-
lar nozzle to be increased by a wind., Nevertheless two drag
runs to test this point were made upon nozzle No. 3., one _
without a jet and the other with a jet of 720 feet per sec-
ond., The two curves are shown in Figure 27.  These curves
give no fair indication of the drag of the nozgzle, since -
the dreg of the 1/2~inch tube by which the nozzle was con-
nected to the balance is included. The difference in the
ordinates of the two curves at a gilven wind speed is, how-
ever, an indication of the effect of the wind upon augmenta-
tion at that speed, an increase of ordipate difference with
increase in wind indicating an improvement in the augmenta-
tion. The practically eonstant difference marked at three
different points along the curves &hows definitely no im-
provement in augmentation. . - '

The failure to obperve any augmentation when we change
from the ordinary nozzle to the annulal ones 8y arise from
an attendant increase in the energy losses in the nozgle it~
self, That this 1s actually the case is 1ndicateﬂ by the
following observations. From an integration of pressures
measured over the entrance cone of . No. 2 a thrust force of
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0.067 pound was found, the observed total thrust being
0.635 pound ,¢ or a contribution of 10.5 per cent. Hence in
the absence of nozzle losses we should expect to observe
ea.total thrust about 10 per cent higher than the 1ldeal jet
reaction. Actually we find the computed ideal reaction to
be 0.648 pound, 2 per cent greater than the above total
observed thrust. The latter is, therefore, some 12 per cent
less than would be anticipated on the assumption that the
losses in the nozzle are the same. That the presence of
the conical entrance does actually result in some 10 per
cent increase in the thrust is shown by observations ob~
tained when nozzles Nos. 1 and 2 were modified by having
placed in each of them a sharp~edged hollow cylinder fit-
ting tightly at the throat of the cone and extending for-
ward to the leading edge. Its leading edge being sharp,
the cylinder introduced no counterthrust, but by eliminating
air flow over the inner surface of the cone, it eliminated
the cone's contribution to the thrust. In both cases re-
ductions between 10 and 12 per cent were observed. Thug it
appears that the losses in these annular nozzles amount to
about 12 per cent as compared to about 5 per cent in the
ordinary nozzle used in the present work. Previously it
was shown how the nozzle losses could be estimated from the

ratio —%— . Here, however, 1% was impossible to measure
i
the orifice area accurately enough to compute M;, and the

above procedure becomes the only one possible.

It is clear also that jet reaction has been sacrificed
by diverging the jet, the reaction being proportiocnal to the
cosine of the angle between the jet and the nozzle axis.
The cosines for Nos. 1, 2, 3 and 4 are 0.998, 0.983, 0.940
and 0.988, respectively. For Nos. 1 and 2 only 0.2 and 1.2
per cent of the observed 12 per cent loss caen be accounted
for in this way. Furthermore, since No. 3 should have guf-
fered most from jJjet divergence but gave the best results,
the more favorable condition for augmentation brought about
by the more rapid expansion of the cone-shaped jet must
have more than compensated for the loss.

Thus far, only the accelerating power of the inner sur
face of the Jet has been employed for augmentation. The
outer surface of the annular jet should be no different
from the ordinary jet in ite ability to give rise to an in-
flow of air; hence guide rings and Venturis placed around
1t should act as augmentors. A test of nozzle ¥o. 2 and
the Venturi tube of Pigure 17 failed to show any contribu-—



tion from the Venturi. Without doubt some helpful effect
could have been derived had the Venturi been appropriately
designefl, but indications are that the augmentation would
have been too samall to be of any consequence._ .-

We conclude that although the cones_ of_gpch annular
nozzles do afford a certpin amount of gugmentation, this is
largely offset by a loss of jet reaction through nozzie
friction, the aggregate result being that the augmented Jet
under the best conditions is only slightly better than the
free jel from an ordinary nozzle. Practically, these of-
fects were too small to concern us; the problem of propul-
slon is as much unsolved as ever.

o — - CR - = P EN S N

JETS IN AIRSHIP MODELS - -

Jet_ in tail of airship model.- %¥e now have to ascer-—.
tain by how much the thrust exerted_by a free jet, or by a
system of them, is influenced by the form of the surface
from which it issues, and especially by such forms as will
probably be encountered in the application of Jets in aero-
navtics. The simplest case is that in which the jet issues

from the t&il of an airship. T -

: In order fo study the case,-thé I-tube and nozzle of
Figure 3 wers Placed in an airship model, as shown in Fig-
ure 28. A fairing was placed about the vertical portion of

the L-~tube exten&ing from the model "to the balance, so as
to reduce"the disturbance 1n the alr flow over %he model.

- - — - R fh - [ . ————V e e BAma s T = - —_— . =

The reason for investigating sugh a coﬁﬁlnat on Of Jet
and airship model I5 this: When a sfreamlined body of rev-
olution, such 48 &d airship modsel, i3 pointed info a wind
"a 8efinité flow pattern &xists aroun&_ t. Tf"a jeﬁ is 7
emitted -frof the tail of the model, "It is probable that the
streamlines nedr the body will bé'éIEEEea' The quesfion
may be asked, 86e8 the jat alter tha ™ Ilow_ in such’a manasr
as to decrease the drag 0Ff the mddel; or eVenh 20 B0 fat as
to make its drag negative? In other words, is the airship
capable of retrieving any of the en&Tgy put imto the wind_
stream by the jett If so, there will be obssrvad nok only
the reaction of the jet, bdut also gn-additional force arige

ing from the aIfered predsirés Gn the sur?ace of _the moaefl

The~thrust which the jet prﬁducea in fhiq pos1tion was
first determined in etill air. The way in which the ratio
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of total thrust to ideal reaction varied with jet speed is
shown by curve (a) of Figure 29, curve (b) being the stand-
&ard curve for the free jet, taken from Figure 6. From the
proximity 6f curve (b) to (a) we may conclude that the model
in still air has no effect upon the jet reaction, or vice
versa, that the jet induces no ailr flow over the model
which yields either thrust or drag forces different from
those on the L-tube alone.

A series of tests on the effect of the jet in the
presence of & wind was next made. The results are given by
the series of curves in Figure 30 which 1s a representation
similar to that of Figure 7. UNegative forces indicate that
tiie resultant force on the model is a drag while positive
forces indicate a resultant thrust. The displacement of
each curve from that corresponding to zero wind is the drag
exerted by the wind on the model and faired tube. The fact
that the curves for different wind speeds are all parallel
shows that the effect of the jet is the same in & wind as
in still air. As it is not likely that a change in the
flow (and consequently in the pressure distribution) could
occur without csusing some change in the force, we conclude
that the jet cauvses too slight an alteration in the flow
about the alrship to be observed in such measurements.

Airship model with radial jet in nose.- In view of
certain proposed schemes for the propulsion of airships, in
which a centrifugal fan or similar device 1s used to pump
air from in front of the ship, thus creating a reglon of
lowered pressure at the nose, it was thought interesting to
try the effect of a certain type of nozzle at the nose, a
type which we shall call the radial nozzle.

Radial nozzles are illustrated in Figures 31b and 33b,
The air is discharged approximately radially and in a thin
sheet from an annular orifice. The efficiency of a radial
nozzle may be compared to that of an ordinary nozzle by

comparing the ratios ﬁL for the two. The calculation of
1 -

¥; by formula (2) requires a measurement of orifice area;

and since this area could not be determined zmccurately in

the case of Figure 31lb, we have a comparison of only Figure

33b with the ordinaery one. The calculated coefficient

ﬁl‘s‘— for Figure 33b is 0.95. This compares favorably with
. |

values of the samé coeffibient, ranginé froﬁ'bléé to 0.98,
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for the ordinary type of nozzle. Hence we may conclude
that nozzle efficiency need not be sacrificed in obtaining
the jet in the radial form.

FPigure 3la shows the airship model of Figure 28 so
modified as to accommodate the L-tube when turned in the re-
verse direction. The radial nozzle shown in Figure 31b was
soldered in the end of the L-tube and the whole adjusted
relative to the model so that the back wall of the nozzle
and the surface of the model were continuous.

In Table III are reproduced the results of a test with
no wind. The second column of the table shows the varia-
tion of observed total force with jet speed. The third
column gives the ideal reactive force that would have re-
sulted had the entire jet been directed backward. Column
4 gives the ratio -of observed force (column 2) to the ideal
force (column 3). It will be seen by comparison with Fig-
ure 29 that this ratio lies far below that for jets pre~
viously tested. This is not surprising, for we would ex~
pect no resultant force on the model if the jet passed ra-
dially outward. Actually the jet clings to the surface of
the model and is directed backward. The low ratio shows
that either the directing action is incomplete or friction
losses of the high-~speed jet on the nose of the model are
great . : )

TABLE III. PERFORMANCE OF RADIAL

NOZZLE AT NOSE OF AIRSHIP MODEL

Jet speed |Observed force {Ideal reaction|Ratio of obs. force
(£ft./sec.) (1v.) (1v.) | ldeal reaction
6568 . . .0.252 0.404 . 0.624
845 . 410 . .648 . «633
981 . 546 .873 . 626

The results of tests with winds of different speeds are
shown in Figure 32, by curves similar to those of Figures 7,
19, and 30. As before, the fact that the curves are paral-
lel indicates that a wind does not change the forces due to
the jet. As the wind increases a break begins to appear in

[
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the series of curves at 52 feet per second. This may be
interpreted as some instability of the flow at low nozzle
pressures, which is accentuated by the wind.

We may conclude definitely from these results that the
radial jet in the nose of an airship model is entirely val-
ueless as a scheme of propulsion.

Airship model with radial jet in tail.- For the sake
of completeness, measurements were also made on the effect
of & radial nozzle at the tail of an airship model. In
this case a streamlined beody of revolution of the form and
size shown in Figure 33a was used. A smaller L-tube (1/2—
inch instesd of l-inch) was used, so as to reduce the drag.
A fairing was attached to it so as to reduce the disturb-
ances it would have otherwise produced in the airflow about
the model. An improved radial nozzle (fig. 33b) in which
the cap was given an internal support was used, thus elim-
inating the two obstructions at the orifice present in the
nozzle of Figure 31db. o

Curve (a) of Figure 34 shows there is a small force
from the jet at no wind. This may be attributed to a back-
ward inclination of the jet, which had previously been
shown to exist for a jet of water issuing from the nozzle.
Thig small force at no wind is of little interest, since in
a perfectly radia) pozzle the entire core reaction is ab-
sent.

curve (b) of Figure 34 shows the change produced by
the jet in the drag of the model at a wind speed of 79 feet
per second. Shifting curve (Db) parallel to itself until
the point corresponding to zero speed of jet coincides with
the corresponding point of (a), we obtain curve (b'), As
(b!) rises faster than (a) it is plain that the presence of
the wind has increassed the thrust exerted by the jet. Pres~
sure measurements made over the model from the section of
greatest diameter to the tail showed this increass in force
to be due to an increase of pressure over the rear portion
of the body. :

To find a helpful effsct from the wind is somewhat en-
couraging, but for it to be of any practical use the in-
crease would have to be very much greater. The lncrement
of force at P, = 1,56 atmospheres, where the jet speed is
860 feet per second, is found from curves (a).and (b!) to
be 0.06 1b. Had the same jet been directed straight back-
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ward by an ordinary nozzle the ideal core reaction would
have been 0.44 1b. The ratio of increment to ideal core
reaction is 0.14 approximately, far below the value 3.5 re-
guired by Figure 8.

The results for the eirship models may be summariged
as follows: An ordinary cylindrical jet in the tail is no
improvement over the free jet. A radial jet in the nose is
inferior to the free jet and gives no indication of helpful
effects from flow modification. A radial jet in the tail
sacrifices the core reaction, dbut does give risse to &
8light propulsive force on the model. '

THE INTERMITTENT JET

No tests of augmentors ‘employing the intermittent jet
were made because of the experimental difficulty involved.
Nevertheless, the possibilities of the intermittent jet
should be considered, since the flow of the jet in starting
ls of an entirely different type. The intermittent Jet is
discussed briefly because it suggests a different method of
appllcation of a continuous jet.

The principle of the intermittent jet flowing from an
ordinary nozzle is as follows: As the jet begins, a spread-
ing type of flow is given to the air as it is pushed away
from the orifice by the issulng core. The core itself rTolls
up into a ring vortex on the head of the jet, and as time
goes on the whole flow pattern, including the spreading flow
in the exterior medium, probably becomes a growing ring vor-
tex with the core pushing through its cénter from the back
and winding up in the vortex which is carried along at the
head of the jet. In the earlier stage the spreading motion
of the exterior medium is available for redirection by suit-
able. guide vanes to unidirectional motion, and in the later
stage there exists the ring vortex which is equally capable
of direction by guide vanes.

The flow in the early stages is of the potential type
having a minimum dissipation of emnergy in friction. Tur-
bulence does not arise until the development of the ring
vortex. At speeds near and above the speed of sound, other
losses arise due to the development of compression waves,
the energy of which can not be utilized by guide vanes.

But the fact that at speeds below that of sound, the ini-
tial motion communicated to the air by the jet is of an or-
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derly type with minimum turbulence and friction loss sug-
gests that those conditions offer a better opportunity for
efficient augmentation.

We may imagine an augmentor designed with guide vanes
capable of redirecting and utilizing the energy of this or-
derly flow. Emission of the jet would be terminated when
the ring vortex and core begin to develop. A difficulty
now arises when we attempt to get the next formation by al-
lowing the jet to start; for now unless the nozzle and aux-
iliary augmenting apparatus have been moved to another po-
sition where the air is undisturbed, the jet as it begins
to emerge will find the exterior medium already moving ax-
1ally due to the previous emission. Hence, either the noz-
zle must be moved laterally or the time between emissions
must be long. Both are undesirable. Furthermors, a valve
mechanism to interrupt the jet might involve serious me-
chanical complications. If we desire an augmentative proc-
ess involving the characteristics of an intermittent jJjet we
must look to soms other schemse.

THE TRANSVERSE JET

The concept of the transverse jet arises from that of
an intermittent jet which is continually displaced to find
undisturbed air. We may imagine a nozzle moved from place
to place while the jet is stopped, then resting long enough
in an undisturbed position to allow an emission of duration
limited to the time of the existence of spreading flow. It
is never posslble to move the nozzle to completely undis-
turbed air, and hence some disturbance will exist wherever
the next emission takes place. The allowable time of emis-
sion will be shorter the nearer the noszzle is to the posi-
tion of the previous emission and fhe stronger the jJet. TWe
may imagine a seriss of sgmall displacements and correspond-
ingly short emissions for which spreading flow will result.
In the 1imit the motion of the nozzle is a uniform transla-
tion and the jet is continuous, having a strength deter-
mined by the rate of translation. Then by moving trans-
versely & nozzle from which a jet 1s issuing the exterior
induced flow should be of the same general type as that in
the starting jet and as such the kinetic energy should be
distributed through orderly motions rather than through the
turbulent and molecular kind. An augmenting apparatus must
be carried with the nozzle to convert the spreading motion
to a unidirectional one. The jet will be called & trans-
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Verse“je£,7thémhame §ignifying jet translatlon with respect
te the wind in some direction other fhan that along ifts
axisg.

An attempt was made to build a device to utilize the
spreading flow_characteristics of the transverse jet. From
previous experience with vanes and guide surfaces it apnpears
that any process, even though charaqgterized by an &bBundance
of orderly air motions capable of being directed, might
yield little or mo force augmentation due to the ineffi-
clency of the directlng mechanism. _To reduce this mechau-
igm to a simple and seemingly eff1c1enﬁ one, . FEe foITowlng

nozzle-in-airfoil combination was evolved.. o
The apparatus consists essentially of a hollow sbeet~
metal airfoil of symmetrical section shown in Figure 36.

Tae nozzle 1s placéd &% EEe extféme trailing edge with an

orifice in the form of a long narrow slit _extending the en~
tire length of the airfoil, tiné orifice being made of this
form to distribute the effect along the airfoil. The nog~
zle walls converge to the orifice, and their orientation is
suchh that the jet makes an angle of about 70° with the

chord line. The jet 1Is fed from the interior with compressed

air led into the airfoil at omne end by a l-inch dbrass tube,
whiiich also acts as the model support. The nozzle pressure
is measured at the midspan, the pressure tap being the open
“end of a copper tube extending to tﬁat point.

In an actual véhicle, the whole apparatus would move
with respect to still air. The counterpart in the wind ftun-
nel experiment igs a motion of air with respect to the ve-
hicle held at rest. In this case 1nstead of displaqlnu the
Jet with respect to the air in é_d;;gption approximatel" at
right a#iglés to the axie of the Jet, the air 1§ dlsplace&
past the qtationary jet. The motion of the air f01l through
8t111 air in any given direction w1th respect o the cgg;d
of the airfoil is simulatéd f{n the wind . tennel by §etting
the chéfd Qf the air‘oil at the correspondlng an§le to Ele
wind.

The principle of the %transverse jet may be restated as
followsi It has been shown how the eXtérior flow of a
transverse jet epproximates that of “the constantly displaced
fatermittent jet in the 1imit where the displacements be-
come infinitesimal and the emission vanishingly short ina
duration. For purposes of 1illustrefion in discusgsing tae
intermittent jet the ordinary type of Jet vwith cylindrical
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core was used; now the picture is changed to that of a jet
whose core is a ribbon of width equsl to the length of the
airfoil and thickness equal to the width of the orifice,
The fundamental mechanism is unchanged, the ribbon jet
being used merely to distribute the effect along the air-
foil., To illustrate the function of transverse action, let
us imagine the airfoil set at zero angle of attack (for
symmetrical sectlon, angle of no 1ift) with the air movinb
past it_at such a rate that the parallel component of the
velocity of the jet (jet 70° to the wind for zero angle of
attack) is equal to gnd in the same direction as the wind.
This wind-tunnel condition corresponds to the horizontal
notion of the airfoll through still air along its chord
with the jet traveling vertically downward with respect %o
the air. The jet as it impinges upon the air gives rise to
a superposed exterior flow of the spreadlng type. In shortd,
when we consider this flow, the jet 1s producing the same
type of motion in the surrounding air as an airfoil wounld
produce if from its shape or angle of attack it were deriv-
in; a 1ift. The jet should then, aside from its reaction,
give rise to a 1ift upon the airfoil. $ince the airfoil is
finite in length any 1lift must result from a change of mo-
mentum in the surrounding eir.  In other words, if the air-
foil derives a 1ift when set at zero angle of attack, it can
do so only by imparting downward momenta to the passing air.
The selection of a wind speed equal to the parallel compo-
nent of the jet was made merely for 51mplify1ng the illus-
tration. The same general argument'Lolds for any wind
speed.

Inagine the girfoil free to move under the action of
the 1ift force. It is clear that the 1ift then becomes a
propulsive force, doing worl upon the airfoil. 1In the wind
tunnel we have merely to make the angle of attack negative
to simulate this upward motion. If a propulsive force re-
sults, we should observe & decrease in drag Or even a nega-
tive drag. These are the effects to be expected from tae
foregoing argument.

To avoid confusion in the terms W1ifgh, Hdragh, and
"propulgive force,! we shall herée define 1ift as a force
normal to the wind in the tunnel, and drag as a force paral-
lel to the wind and directed d0wnstream. Hegative drag, or
thrust, will always be used to designate forces parallel %o
the wind and directed upstream, We shall introduce two
new terms, one called the "total 1ift" defined as the 1ift in-
cluding the normal component of jet reaction; and¥total drad,
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the drag including the parallel component of jet reaction.

The results are given by the eight curves of PFigure
36. The ordinates are 11ift and drag forces in pounds, neg-
ative numbers indicating negative drag, or thrust. The ab-
scissas are differential nozzle pressures. The uaprimed
letters acconmpanying the curves represent results at zero
angle of attack, while the primed letters represent resultis
at a negative angle of B5°. Curve A shows the variation with
nozzle pressure 0f the 1ift component of the jet without a
wind., It is assumed that this force arises in the nozzle
and that no forces exist on other portions of the airfoil.
Curve B represents the total 1ift in a wind of 94 feet per
second, With no jet the 1ift in this wind was zero. Curve
C represents the thrust (parallel component of the jet) |
without a wind, and D the total drag in a wind of 94 feet
per second, including the drag of the model arm. We see
that, while the total 1ift was very greatly increased by
the wind, the drag curve, C, was merely shifted vertically
by the drag of the airfoil and support in a wind of 94 feet
vper seccend, Interpreting this in terms of momentum, we
may say that the jet has produced motions the energy of
which has been used by the airfoil to impart a large momen-
tum at right angles to the wind, but none parallel to the
wind. So far, the resulis are true to expectation. Curves
A', B', C' and D' are corresponding results for a negative
angle of attack of 5°. The orientation of the jet has now
been changed and curves A4' and ¢! of normal and parallel
components of jet reaction respectively are shifted corres-
pondingly. Curve B! compared to B shows that the total
1ift force has been reduced, but a comparison of ¢! and D!
shows no compensating increase in thrust, the difference be-
tween C' and D' being a drag displacement of about the same
magnlitude as that between ¢ and D, Another test made at a
negative angle of 80, not given here, again gave no indlca-
tion of thrust force other than that. derived from the jet
itself, Thie result is totally at variance with predic-
tions.

Other experimente of a rather diversified nature were
tried. Tip shields were placed on the ends of the airfoil
with very little change in the previous results except for
a larger 1ift force. Rectangular gulde vanes of various
- widths and of a length equal to that of the airfoil were
placed at various positions back of the girfoil in an at-
tempt to change the direction of the downwash. Again,
while it was possible materially to reduce the lift, very
little or no thrust resulted. '
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The transverse jet aprears from the présént work to
hold very méagér podsibilities, but the author does not be-
lieve that enough work has been done to exhaust all of them.
For example, the long slit orifice might be ‘closed off at
intervals breaking the wide ridbon-like jet into a number
of narrower ones with free edges. The resulting disturb-
ance instead of being fore and aft would then be lateral,
the pattern for each ribbon being two vortex filaments. If
guide vanes may be relied upon to perform their function,
these filaments may be broken up into linear flow. Numer-
ous suggestions of this sort might be made, but we can
think of none which do not require guide vanes, and in view
of the sm&ll success so far met with in their use, we do
not feel that any process depending upon them is likely to
succeed.

CONCLUSION

We are faced with the experimental fact that the aug-
mentation obtained was insignificantly small. As to why it
was so, we have indications that the trouble may lie with
the parts essential to any augmentor, with the directing
mechanism or the guide vanes themselves. This is shown in
the following brief summary:

The augmentors tried may be divided into two classes;
in the first the jet mixes naturally with the surrounding
air, and in the second the mixing is controlled by a proc~
ess called transverse jet action. Referring to natural
mixing, we find that we have no knowledge of the distribu-
tion of kinetic energy among the two resulting motions, or-
derly and éhaotic. An attempt was made to direct the order-
ly motions by gulde vanesg. The small success obtained has
not answered the gquestion whether gulde vanes are ineffi-
cient or whaether only an insignificant portion of the kinet-
ic energy results in orderly motion. A greater degree of
augnentation wag expected in the case of the transverse jet
where it is helipved that a grgater part of the emnergy was
ghifted from the chaotig turbulent and moiecular motions to
the more orderly spreading type. The experimental fact
that the increase was not found indicates that the fault
may lie in the directing mechanism.

On the whole the outlook is not especially favorable.
The present work may be taken not as proof, but omnly as an
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indication that the jet can never find use at low speeds
unless such lighter, more concentrated, and cheaper fuels
than those now in use become available, as will enable the
free jet, in spite of its low thrust per horsepowsr, to
compete with the engine-driven screw propsesller.

Bureau of Standards,
Washington, D, C., August 6, 1932,
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